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Abstract. Total solar irradiance and UV spectral solar irradiance have 
been monitored since 1978 throngh a succession of space missions. This is 
accompanied by the development of models aimed at replicating solar irra¬ 
diance by relating the variability to solar magnetic activity. The NRLSSI and 
SATIRE-S models provide the most comprehensive reconstructions of total 
and spectral solar irradiance over the period of satellite observation currently 
available. There is persistent controversy between the various measurements 
and models in terms of the wavelength dependence of the variation over the 
solar cycle, with repercussions on our understanding of the influence of UV 
solar irradiance variability on the stratosphere. We review the measurement 
and modelling of UV solar irradiance variability over the period of satellite 
observation. The SATIRE-S reconstruction is consistent with spectral solar 
irradiance observations where they are reliable. It is also supported by an 
independent, empirical reconstruction of UV spectral solar irradiance based 
on UARS/SUSIM measurements from an earlier study. The weaker solar cy¬ 
cle variability produced by NRLSSI between 300 and 400 nm is not evident 
in any available record. We show that although the method employed to con¬ 
struct NRLSSI is principally sound, reconstructed solar cycle variability is 
detrimentally affected by the uncertainty in the SSI observations it draws 
upon in the derivation. Based on our Endings, we recommend, when choos¬ 
ing between the two models, the use of SATIRE-S for climate studies. 
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1. Introduction 

The assessment of human impact on the Earth’s climate requires an understanding of 
the natural drivers of climate change. This includes the variations in the solar radia¬ 
tive flux impinging on the Earth system, usually described in terms of solar irradiance. 
There is growing evidence of its influence on the Earth’s climate [see Haigh, 2007; Gray 
et ai, 2010; Solanki et ai, 2013, and references therein]. As solar irradiance variability 
and its interaction with the Earth’s atmosphere is wavelength dependent, accurate knowl¬ 
edge of both total and spectral solar irradiance (TSI and SSI) variability is pertinent to 
establishing the solar contribution to climate change. 

TSI has been tracked from space, largely without interruption, since 1978 through a 
succession of satellite missions [see recent reviews by Frohlich, 2012; Kopp, 2014]. Sim¬ 
ilarly, ultraviolet (UV) SSI has been monitored by a medley of spaceborne instruments 
covering various periods and wavelengths over the same period [see DeLand and Cebula, 
2012; Ermolli et ai, 2013, and Sect. 3.1]. Except below 170 nm before 1992, the various 
satellite records collectively represent nearly uninterrupted daily sampling of SSI between 
120 and 400 nm since 1978 (Figs. 1 and 2). Monitoring of the visible and infrared started 
much later, in 2003, with the SIM instrument onboard SORCE [covering 200 to 2416 nm. 
Harder et ai, 2005a, b; Rottman, 2005]. (The dehnition of the abbreviations used in this 
paper, omitted in the text at parts to ease readability, is summarized in Table 1.) 

The interpretation of the body of satellite measurements is hampered by differences 
in the absolute radiometry and the overall trend with time between the various records. 
These discrepancies arise from uncertainties in the instrument calibration and the account 
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of effects such as exposure/time degradation and sensitivity changes. Even so, the body 
of satellite observations has revealed correlations of solar irradiance variability with the 
passage of bright/dark magnetic structures across the solar disc [Willson et ai, 1981; 
Hudson et ai, 1982] and with the 11-year solar magnetic cycle [Willson and Hudson, 1988; 
Hickey et ai, 1988]. This led to the development of models aimed at reconstructing solar 
irradiance by relating the variability at timescales greater than a day to solar magnetic 
activity [Oster et ai, 1982; Foukal and Lean, 1986]. At shorter timescales, contributions 
from acoustic oscillations, convection and flares become signihcant [Hudson, 1988; Woods 
et ai, 2006; Seleznyov et ai, 2011]. Solar irradiance variability is modelled as the influence 
of sunspots and pores and of the magnetic concentrations that make up active region 
faculae and quiet Sun network, usually termed sunspot darkening and facular brightening, 
respectively. This information is inferred from solar observations indicative of magnetic 
activity [recently reviewed by Ermolli et ai, 2014]. 

Ermolli et al. [2013] and Yeo et al. [2014a] reviewed the present-day models of so¬ 
lar irradiance capable of returning TSI and SSI simultaneously. They are, NRLSSI 
[Lean et ai, 1997; Lean, 2000], SATIRE [Unruh et ai, 1999; Fligge et ai, 2000; Krivova 
et ai, 2003, 2009; Wenzler et ai, 2006; Ball et ai, 2011, 2012, 2014a; Yeo et ai, 2014b], 
SRPM [Fontenla et al, 1999, 2004, 2006, 2009, 2011], OAR [Penza et al, 2003; Er- 
molli et ai, 2003, 2011, 2013] and COSIR [Haberreiter et ai, 2005, 2008; Shapiro et ai, 
2010, 2011, 2013; Cessateur et ai, 2015]. The approach taken by these models is to re¬ 
construct the solar spectrum over a wavelength range stretching at least from 120 nm 
to the far IR such that the integral over wavelength is a good approximation of TSI. 
Solar radiative flux shortwards of 120 nm [Lilensten et ai, 2008; Woods, 2008] and in the 
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radio [Tapping, 2013; Dudok de Wit et ai, 2014] constitute a minute proportion of the 
total flux and while the variability affects space weather [e.g., Schwenn, 2006], it exerts 
little influence on the Earth’s climate. By giving both TSI and SSI over the wavelength 
range pertinent to Sun-climate interactions, such models are particularly relevant to cli¬ 
mate studies. The models listed make use of various solar observations to reconstruct 
solar irradiance over different periods. Currently, only NRLSSI and SATIRE provide re¬ 
constructions of TSI and SSI encompassing the entire period of satellite observation at 
daily cadence. SATIRE-S, the version of SATIRE based on full-disc magnetograms and 
intensity images, was recently updated and extended to the present by Yeo et al. [2014b]. 

Apart from the models which reconstruct both TSI and SSI simultaneously, there are 
also models with the more limited scope of returning either TSI [such as. Chapman et al, 
2013; Frohlich, 2013] or UV SSI [Morrill et ai, 2011; Thuillier et ai, 2012; Bolduc et ai, 
2012] alone. 

Models of solar irradiance have been successful in replicating most of the apparent vari¬ 
ability in TSI and in certain SSI records [recent examples include Bolduc et ai, 2012; 
Chapman et ai, 2013; Yeo et ai, 2014b], conhrming the dominant role of solar mag¬ 
netic activity in driving solar irradiance variability over the period of satellite observation 
[Domingo et ai, 2009; Yeo et ai, 2014a]. While signihcant progress has been made in 
the measurement and modelling of solar irradiance variability, the secular trend over the 
satellite era [Scafetta and Willson, 2009; Krivova et ai, 2009; Frohlich, 2012; Yeo et ai, 
2014b; Ball et ai, 2014b] and critically for climate studies, the wavelength dependence 
of the variation over the solar cycle remain controversial [Ball et ai, 2011; DeLand and 
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Cebula, 2012; Lean and DeLand, 2012; Unruh et al, 2012; Ermolli et al, 2013; Solanki 
et al., 2013; Wehrli et al, 2013; Morrill et al, 2014; Yeo et al, 2014a, b]. 

SORCE/SIM (version 19, dated November 2013) registered a drop in 240 to 400 nm 
SSI between 2003 and 2008, within the declining phase of solar cycle 23, that is about ten 
and five times greater than what is replicated by NRLSSI and SATIRE-S, respectively 
[see Fig. 7 in Yeo et al, 2014a]. This decline also exceeds projections from pre-SORCE 
measurements by similar margins. Studies have also noted a similar disagreement between 
the SSI measurements from SORCE/SOLSTICE [up to version 12, dated September 2012, 
covering 115 to 310 nm, MeClintoek et al, 2005; Snow et al, 2005a] and both models and 
pre-SORCE measurements above 180 nm. The disparity is, however, far less acute than 
what is seen with SORCE/SIM. With the discrepant solar cycle variability longwards of 
180 nm, the application of NRLSSI, SATIRE-S and SORCE SSI to climate models yield 
qualitatively different results for the response in stratospheric ozone, temperature and 
heating rates [Haigh et al, 2010; Merkel et al, 2011; Oberldnder et al, 2012; Ermolli 
et al., 2013; Dhomse et al, 2013; Ball et al, 2014a, b]. Revisions of the SORCE/SIM 
(versions 20 to 22) and SORCE/SOLSTICE (versions 13 and 14) records have since been 
released, with the latest made available in May 2015. 

The focus and aim of this paper is to assess the UV SSI variability produced by NRLSSI 
and by SATIRE-S, and therefore the applicability of these models to climate studies. In 
Sect. 2, we describe the NRLSSI and SATIRE-S reconstructions. We will also introduce 
the empirical reconstruction of UV SSI by Morrill et al. 2011 (denoted Meall), which 
we will match against the two other reconstructions in the subsequent discussion. We 
then examine the wavelength dependence of solar irradiance variability in the UV in 
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the body of satellite observations, including the recent revision of the SORCE/SIM and 
SORCE/SOLSTICE records, and the various reconstructions (Sect. 3). This is followed 
by a summary and concluding statements in Sect. 4. 

2. Models of Solar Irradiance Examined in the Present Study 
2.1. Naval Research Laboratory Solar Spectral Irradiance (NRLSSI) 

In the NRLSSI model, the time variation of sunspot darkening is given by the photo¬ 
metric sunspot index, PSI [Frohlich et ai, 1994; Lean et ai, 1998] and that of facular 
brightening by a combination of the NOAA Mg II index composite [Viereck et ai, 2004] 
and the Mg II index record based on SORCE/SOLSTICE SSI [Snow et al, 2005b]. 

The reconstruction spans 120 to 100000 nm (0.1 mm). For the 120 to 400 nm segment, 
solar irradiance variability is determined from the multiple linear regression of the index 
data to the SSI record from UARS/SOLSTICE [Rottman et ai, 2001]. Longwards of 
around 220 nm, solar cycle variability is obscured in the UARS/SOLSTICE record by 
the long-term uncertainty [Woods et ai, 1996]. To factor this out of the analysis, the 
regression is limited to the variability over solar rotation timescales by first detrending 
the index and SSI time series. Solar irradiance variability is then recovered by applying 
the regression coefficients to the original (i.e., not detrended) index data. In doing so, the 
model assumes solar irradiance scales linearly with the various indices and the apparent 
relationship between the two at solar rotation timescales applies at solar cycle timescales. 
Solar irradiance variability above 400 nm is given by modulating the intensity contrast 
of sunspots and faculae in time by the index data. The sunspot and facular intensity 
contrasts were taken from Solanki and Unruh [1998]. The two intensity contrasts data 
sets are scaled in NRLSSI such that the integrated variability over the wavelength range 
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of the model matches that from TSI modelling [Frohlich and Lean, 2004], introducing two 
free parameters into the model. Finally, the reconstructed solar irradiance variability is 
imposed on an intensity spectrum of the quiet Sun composed from UARS/SOLSTICE 
and SOLSPEC/ATLAS-1 [Thuillier et ai, 1998] measurements and the Kurucz [1991] 
calculations. 

2.2. Spectral And Total Irradiance REconstrnction for the Satellite era 
(SATIRE-S) 

SATIRE-S [Fligge et al, 2000; Krivova et al, 2003, 2009] is what is termed a semi- 
empirical model, along with SRPM, OAR and COSIR. Semi-empirical models take a 
somewhat less empirical and more physics-based approach than models based on relating 
indices of solar magnetic activity to measured solar irradiance, relying instead on the in¬ 
tensity spectra of solar surface features generated with radiative transfer codes to recreate 
the solar spectrum. 

In SATIRE-S, the solar surface is described as comprising of quiet Sun, faculae and 
sunspots. The surface coverage of these components is determined from full-disc mag¬ 
netograms and intensity images taken close together in time. The recent update of the 
model by Yeo et al. [2014b] employed such observations from the Kitt Peak vacuum tele¬ 
scope [Livingston et al, 1976; Jones et al, 1992], SoHO/MDI [Scherrer et al, 1995] and 
SDO/HMI [Sehou et al, 2012] to reconstruct TSI and SSI from 115 nm to 160000 nm (0.16 
mm) back to 1974. Apart from extending the preceding version of the model [spanning 
1974 to 2009, Ball et al, 2014b], which was based on similar Kitt Peak and SoHO/MDI 
observations, to the present with SDO/HMI data, the reconstruction method was also 
modihed. We will describe the model in its present form, as detailed in Yeo et al. [2014b], 
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before discussing these modifications. The Kitt Peak, SoHO/MDI and SDO/HMI mag¬ 
netogram data sets were corrected for differences in instrument properties, by comparing 
co-temporal data taken by the various instruments, such that the apparent surface cover¬ 
age by faculae in the periods of overlap is similar. The model utilizes the intensity spectra 
of quiet Sun, faculae and sunspot umbra and penumbra from Unruh et al. [1999], which 
is actually a signihcant update of the Solanki and Unruh [1998] intensity contrasts em¬ 
ployed in NRLSSI. The disc-integrated solar spectrum at the time of each magnetogram 
and intensity image pair is given by the sum of the Unruh et al. [1999] intensity spectra, 
weighted by the apparent solar surface coverage of faculae and sunspots in the data pair. 

There is one free parameter in the model. The magnetic concentrations making up 
network and faculae are largely unresolved in available full-disc magnetograms. As such, 
the proportion of each resolution element occupied by such features (the so-termed ‘hling 
factor’) has to be inferred indirectly from the magnetogram signal. By modulating the 
empirical relationship between the hlling factor and the magnetogram signal [Fligge et al, 
2000], the free parameter scales the amplitude of the facular brightening contribution to 
solar irradiance variability. The appropriate value of the free parameter was determined 
by comparing reconstructed TSI to observed TSI. 

The radiative transfer code used to derive the intensity spectra, ATLAS9, assumes 
local thermodynamic equilibrium (LTE), which is not realistic at the height in the solar 
atmosphere where prominent spectral lines, in particular in the UV, are formed. This is 
compounded by the use of opacity distribution functions (ODFs) to represent spectral lines 
in the code [see discussion in Yeo, 2014]. As a result, the absolute level in reconstructed 
spectra is markedly lower than in observations below 300 nm [Krivova et ai, 2006; Yeo 
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et ai, 2014a]. To account for this, the 180 to 300 nm segment of the reconstruction is offset 
to the WHI reference solar spectra [ Woods et ai, 2009], thus taking the absolute level of the 
WHI spectra whilst retaining the variability from the model. The offset was determined 
by comparing the WHI reference spectra, of which there are three, to reconstructed SSI 
over the periods the WHI spectra were taken. The 115 to 180 nm segment is offset and 
linearly scaled to match the SORCE/SOLSTICE record. It is worth noting that in doing 
so, only the absolute scale of the SORCE/SOLSTICE record is adopted, the time variation 
from the model is preserved. 

The present reconstruction procedure, summarized above, differs from the preceding 
version of SATIRE-S [Ball et ai, 2014b] in two key aspects. One, how the model output 
based on observations from different instruments are combined together and two, the 
correction in the UV for the LTE and ODE approximations. Instead of cross-calibrating 
the various magnetogram data sets. Ball et al. [2014b] had adapted the parameters of the 
model to each data set. This left weak but palpable discrepancies in the reconstructed 
solar irradiance based on data from different instruments, which was then corrected for 
by regression. In cross-calibrating the magnetogram data sets, the model output from the 
various data sets are now mutually consistent without the need for any such correction. 
Ball et al. [2014b] corrected their reconstruction for the LTE and ODE approximations by 
offsetting and linearly scaling the 115 nm to 270 nm segment to match the UARS/SUSIM 
record. Yeo et al. [2014b] matched the 115 to 180 nm segment to SORCE/SOLSTICE 
SSI in a similar manner but only offset the 180 to 300 nm segment to the WHI reference 
spectra on the observation that at these wavelengths, an offset is sufficient. The goal 
was to correct for the LTE and ODE approximations while introducing as few empirical 
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corrections as practically possible. The results of the two approaches are not signihcantly 
different. As we will see in Sect. 3.1, the SATIRE-S reconstruction, now independent of 
the UARS/SUSIM record, is a very good match to this particular record. 

The intensity spectra of solar surface features employed in SATIRE-S, as with all other 
present-day semi-empirical models, are based on one-dimensional models of the solar 
atmosphere, which do not necessarily represent the true laterally-averaged property of the 
inhomogeneous solar atmosphere [Uitenbroek and Criscuoli, 2011; Holzreuter and Solanki, 
2013]. This, along with the use of an empirical relationship to infer the faculae hlling 
factor from the magnetogram signal and the LTE and ODE simplihcations in ATLAS9 
represent the key limitations of the model. They are discussed in greater detail, along 
with the proposed future work to address them, in Yeo et al. [2014a]; Yeo [2014]. 

2.3. Morrill et al. 2011 (Meall) 

One of the more striking distinctions between the NRLSSI and SATIRE-S models is the 
weaker solar cycle variability in the UV produced by the former. It has been suggested 
that in confining to the rotational variability in the regression of the PSI and the Mg II 
index to the UARS/SOLSTICE record, solar cycle variability might be underestimated in 
NRLSSI [Lean, 2000; Ermolli et al, 2013; Yeo et al, 2014a]. To investigate this claim, we 
will also examine the empirical reconstruction of UV SSI by Meall. The reconstruction, 
extending from 1 to 410 nm, is based on relating the Mg II index to the SSI records from 
TIMED/SEE [1 to 150 nm segment of the model. Woods et al, 2005] and UARS/SUSIM 
[150 to 410 nm, Brueekner et al, 1993; Floyd et al, 2003]. In contrast to the approach 
taken by NRLSSI, the Mg II index is regressed to measured SSI directly, that is, without 
first detrending the index and SSI time series. As we will see in the following section, the 
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UARS/SUSIM record, unlike the UARS/SOLSTICE record, is stable enough to reveal so¬ 
lar cycle variability even at wavelengths longwards of 220 nm, allowing a direct regression 
of the Mg II index. 

3. Wavelength Dependence of Solar Irradiance Variability 
3.1. Critical Review of Measurements and Models 

As noted in the introduction, SSI between 120 and 400 nm has been monitored since 
1978 (Figs. 1 and 2). In this study, we examine the extended (at least a few years), 
daily-cadence satellite records that are calibrated for instrument degradation, listed in 
Table 2. The period covered by each record and the spectral range and resolution are also 
listed. 

Between 120 and 400 nm, the absolute variation in SSI over the solar cycle increases by 
over two orders of magnitude with wavelength (Fig. 3a). However, in relative terms, this 
variability actually diminishes by at least two orders of magnitude across this spectral 
region (Fig. 3b). This is at least partly why the uncertainty in the variation over the 
solar cycle and instrumental artefacts such as spurious spikes/dips become increasingly 
apparent in the body of UV SSI observations towards longer wavelengths (compare Figs. 
2a and 2b). 

In Fig. 4, we bring the SSI records that encompass at least one solar cycle minimum to 
a common scale by normalizing them to the SATIRE-S reconstruction at the minimum. 
To simplify the discussion, we focus on the integrated SSI over 120 to 180 nm, 180 to 240 
nm, 240 to 300 nm and 300 to 400 nm. These intervals were selected on the observation 
that the overall agreement between the various records starts to deteriorate going above 
around 180 nm, discussed below, and taking into account that the SORCE/SIM record 
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only extends down to 240 nm while the SME and SORCE/SOLSTICE records extend up 
to around 300 nm (Fig. 1). 

In the 120 to 180 nm interval, the various records exhibit solar cycle modulation and are 
broadly consistent with one another where they overlap (Fig. 4a), with the exception of 
TIMED/SEE, discussed later in this section. Between 180 and 240 nm, available records 
still show solar cycle modulation but at varying amplitudes such that they start to differ 
signihcantly in the periods they overlap (Fig. 4b). Going above 240 nm, certain records 
no longer vary with the solar cycle in a consistent manner (Figs. 4c and 4d). 

It is established that TSI is correlated to the 11-year solar magnetic cycle. In order 
for SSI to exhibit non-cyclic trends over the solar cycle, the underlying mechanism must 
be such that the integral of this component of the variability over all wavelengths is too 
weak to be noticeable in TSI. There is no obvious candidate mechanism that can drive 
the radiant output of the Sun in such a manner. Consequently, it is doubtful that the 
non-cyclic trends over the solar cycle noted in certain SSI records longwards of 240 nm 
are solar in origin. 

The deteriorating agreement between the various records and the emergence of non- 
cyclic trends over the solar cycle towards longer wavelengths is likely a consequence of 
the weakening of the underlying solar cycle variability to below the limits of measurement 
stability. 

In Fig. 5, we show the uncertainty in the variation over the solar cycle of each SSI record, 
given by the reported long-term uncertainty (listed in Table 3). An uncertainty range is 
reported for SORCE/SOLSTICE (0.2 to 0.5%/year). In this case, we considered the mid¬ 
point of the cited range (0.35%/year). For the records where the long-term uncertainty 
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is given in units of percent per year, we multiplied this per annum uncertainty by 5.5, 
around half the typical length of a solar cycle, to arrive at the estimate of the uncertainty 
in the variation over the solar cycle depicted in Fig. 5. 

This quantity is a crude indication of the weakest solar cycle modulation detectable. 
For example, over the ascending phase of solar cycle 23, the variation in UV SSI (as 
indicated by the Meall, NRLSSI and SATIRE-S reconstructions, shaded grey in Fig. 
5) declines to below the uncertainty of the Nimbus-7/SBUV, SME, NOAA-9/SBUV2, 
UARS/SOLSTICE and SORCE/SIM records between 200 and 300 nm. This is roughly 
where we found the overall trend over the solar cycle in these records to begin to turn 
non-cyclic (Fig. 4). For the UARS/SUSIM record, the uncertainty is smaller or close to 
the amplitude of the solar cycle at most wavelengths and this record exhibits solar cycle 
modulation consistently over its entire wavelength range. 

The only exceptions to this broad pattern in the body of SSI observations are the 
SORCE/SOLSTICE and TIMED/SEE records. Eor SORCE/SOLSTICE, although solar 
cycle variability weakens to below the uncertainty above around 250 nm (Eig. 5), the 
record continues to show solar cycle modulation (Eig. 4c). This implies that the long¬ 
term uncertainty of this record might be, at least above 250 nm, smaller than reported. 
Eor TIMED/SEE, even though the uncertainty is below or at least comparable to solar 
cycle variability (Fig. 5), the record exhibits little overall variability between the 2008 
minimum and 2015, rising only weakly before declining back to 2008 levels (Fig. 4a). The 
more recent TIMED/SEE measurements might be affected by unresolved instrumental 
trends. 
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The overall trend in the Nimbus-7/SBUV, SME, NOAA-9/SBUV2 and UARS/SOLSTICE 
records is relatively well-replicated by Meall, NRLSSI and SATIRE-S up to the wave¬ 
lengths where measurement uncertainty starts to dominate (compare Figs. 4 and 5). 
While earlier versions of the SORCE/SOLSTICE record exhibit a stronger decline between 
2003 and 2008 than replicated in models (see Sect. 1), this is no longer the case with the 
latest revision (version 14, dated May 2015). For UARS/SUSIM and SORCE/SOLSTICE, 
the records stable enough to reveal solar cycle modulation consistently over their respec¬ 
tive wavelength range, the overall trend is largely reproduced, with a notable exception. 
Between 300 and 400 nm, the amplitude of the variation over the solar cycle in the NRLSSI 
reconstruction is only about half that indicated by UARS/SUSIM, which is reasonably 
well replicated in the two other reconstructions (Figs. 3 and 4d). In this wavelength 
interval, there is a quasi-annual oscillation in the UARS/SUSIM record that is most 
likely instrumental in origin. It is difficult to establish, to better than the amplitude 
of this quasi-annual wobble, the goodness of the agreement between this record and the 
SATIRE-S reconstruction. The alignment between the SATIRE-S and Meall reconstruc¬ 
tions here does, however, confer conhdence to the solar cycle variability replicated by 
SATIRE-S. Recall, above 150 nm, the Meall reconstruction is essentially a correction of 
the UARS/SUSIM record to the stability of the Mg II index [Marchenko and DeLand, 
2014]. 

Apart from the weaker solar cycle variability between 300 and 400 nm produced by 
NRLSSI, the reconstructions examined are broadly consistent with one another (Figs. 

3 and 4). The solar cycle variability in NRLSSI is already weaker than in SATIRE-S 
between 240 and 300 nm. This difference is, however, too small to discriminate between 
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the two reconstructions with the UARS/SUSIM and SORCE/SOLSTICE records, the two 
records stable enough to exhibit solar cycle modulation in this wavelength interval. 

As noted in earlier studies for previous versions of the SORCE/SIM record (see Sect. 1), 
the latest revision (version 22, dated May 2015) indicates a decline in 240 to 400 nm SSI be¬ 
tween 2003 and 2008 that is grossly steeper than what is recorded by SORCE/SOLSTICE 
or replicated by the models examined (Eig. 4). Numerous studies have concluded that 
this acute drop registered by SORCE/SIM might not be real due to unresolved instrumen¬ 
tal trends [Ball et ai, 2011; DeLand and Cebula, 2012; Lean and DeLand, 2012; Unruh 
et al, 2012; Ermolli et ai, 2013; Morrill et ai, 2014; Yeo et al, 2014a, b]. This as¬ 
sertion is supported here by the agreement between the concurrent measurements from 
SORCE/SOLSTICE and the various reconstructions (Fig. 4c). 

In this discussion, we have not considered the fact that, due to the varying approaches 
and observations accounted for in the derivation, the absolute level in the Meall, NRLSSI 
and SATIRE-S reconstructions are offset from one another. Between 120 and 400 nm, 
the offset between the various reconstructions is, except at the lowest wavelengths, largely 
within 10%. This spread in the absolute level is weak such that there is little qualitative 
difference in how the solar cycle variability in these reconstructions compare to one another 
and to SSI records whether we look at it in absolute (Fig. 3a) or relative terms (Fig. 3b). 

The SATIRE-S reconstruction is consistent with UV SSI records where the latter is sta¬ 
ble enough to reveal solar cycle modulation and also with the independent reconstruction 
from Meall. This renders strong support to the solar cycle variability in the UV produced 
by the SATIRE-S model. It is worth emphasizing here that while the 115 to 180 nm seg¬ 
ment of the SATIRE-S reconstruction is offset and scaled to match SORCE/SOLSTICE 
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SSI, between 180 to 400 nm, the solar irradiance variability returned by the model is not 
altered in any manner. The 180 to 300 nm segment is only offset to the WHI reference 
spectra. The empirical corrections for the LTE and ODF approximations has no influence 
on the agreement in the solar cycle variability between SATIRE-S and the various UV 
SSI records and the Meall reconstruction longwards of 180 nm. 

As with the variation over the solar cycle, rotational variability, in relative terms, weak¬ 
ens with wavelength such that measurement uncertainty becomes increasingly dominant. 
This is evident in the growing discrepancy between the concurrent measurements from the 
various instruments towards longer wavelengths (Fig. 6). The models examined replicate 
the well-observed rotational variability in the 120 to 180 nm and 180 to 240 nm inter¬ 
vals, where available records are consistent with one another. Longwards of 240 nm, as 
the consistency between the various records deteriorates, so does the agreement between 
measurements and models. The worsening reliability of measured rotational variability 
towards longer wavelengths has implications for models which rely on it, such as the 
NRLSSI. 

3.2. The Discrepant Solar Cycle Variability in the NRLSSI and SATIRE-S 
Reconstructions 

Compared to SATIRE-S, NRLSSI produces significantly weaker solar cycle variability 
in the UV longwards of around 300 nm. As stated in Sect. 2.3, this has been suggested 
to arise from NRLSSI confining the regression of the PSI and the Mg II index to the 
UARS/SOLSTICE record to the short-term variability by first detrending each time series. 
As the long-term uncertainty of the UARS/SOLSTICE record is severe enough to obscure 
solar cycle modulation at longer wavelengths, it is not possible to examine the effects of 
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this step taken by NRLSSI by looking at the result of htting the index data to the record 
directly (i.e., without first detrending each time series). In this study, we make use of the 
fact that the UARS/SUSIM record, which extends a similar period and wavelength range 
as the UARS/SOLSTICE record, is stable enough to reveal clear solar cycle modulation 
over the entire wavelength range of the instrument (Fig. 4). This allows us to probe 
the NRLSSI approach by applying it to the UARS/SUSIM record and comparing the 
resultant reconstruction to the UARS/SUSIM record and the Meall reconstruction. 

To this end, we generated three test reconstructions, based on the regression of the PSI 
composite by Balmaceda et al. [2009] and the LASP Mg II index composite [Snow et ai, 
2005b] to each of the two UARS records and the SATIRE-S reconstruction. We restricted 
the regression to the short-term variability by subtracting, from each time series, the 
corresponding 81-day moving average prior to htting. Each test reconstruction is then 
completed by applying the regression coefficients to the original index data and offsetting 
the result to the absolute level in the SSI time series referenced at the 1996 solar cycle 
minimum. 

The wavelength dependence of the variation over the solar cycle in the test reconstruc¬ 
tion referenced to the UARS/SOLSTICE record (blue solid lines. Figs. 3 and 7) is nearly 
identical to the NRLSSI reconstruction (green). This verihes that the procedure taken 
to generate the test reconstructions is largely analogous to the NRLSSI. The solar cycle 
variability in the test reconstruction referenced to the UARS/SUSIM record (blue dashed 
lines) is similarly compatible to the NRLSSI reconstruction. Applying the NRLSSI ap¬ 
proach to the UARS/SUSIM record results in the reconstructed solar cycle variability 
being weaker, towards longer wavelengths, than in the UARS/SUSIM record (black) and 
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the Meall reconstruction (yellow). Possible causes of this discrepancy is alluded to by 
the following observations. 

1. The agreement between the detrended UARS records (black, Figs. 8a and 8b) and 
the regression of the detrended PSI and Mg II index (red) deteriorates with wavelength. 
The agreement is especially poor longwards of 300 nm, which is incidentally the wavelength 
range where the solar cycle variability in the test reconstructions built on the rotational 
variability in these records, like NRLSSI, diminishes to about half the amplitude indicated 
by the UARS/SUSIM record and the Meall and SATIRE-S reconstructions (Figs. 3 and 
7). Clearly, this is related to the deteriorating reliability of the rotational variability in 
UV SSI measurements towards longer wavelengths, discussed in the previous section. 

2. The regression of the detrended PSI and Mg II index to the detrended SATIRE-S 
reconstruction is a good ht (Fig. 8c) and the solar cycle variability in the resultant recon¬ 
struction (blue dotted lines. Figs. 3 and 7) is consistent with the SATIRE-S reconstruction 
(red) even above 300 nm. 

Together, these observations suggest that there is nothing wrong with the NRLSSI ap¬ 
proach in and of itself but longwards of 300 nm, the rotational variability in the UARS 
records is no longer accurate enough to establish the relationship between indices of mag¬ 
netic activity and SSI reliably. Consequently, the solar cycle variability produced by 
NRLSSI is too weak between 300 and 400 nm. 

It is worth emphasizing here the distinction between the short-term sensitivity and 
long-term stability of SSI records, the uncertainty of which arise from different underlying 
physical processes [see, for example, Cebula et ai, 1998]. The observation here that the 
short-term variability in the UARS/SUSIM record is too noisy to reconstruct SSI by the 
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NRLSSI approach does not conflict with the fact that the record is stable enough to reveal 
solar cycle modulation throughout its wavelength range. 

We generated similar test reconstructions taking the Nimbus-7/SBUV, NOAA- 
9/SBUV2 and SORCE/SIM records as the reference, not shown here to avoid repeti¬ 
tion. As with the test reconstructions based on the UARS records, in each instance, the 
agreement between measured rotational variability and the regression of the index data 
deteriorates with wavelength and the reconstructed solar cycle variability is much closer 
to the level in NRLSSI than to that in the UARS/SUSIM record and the Meall and 
SATIRE-S reconstructions. 

4. Summary and Conclusions 

TSI and UV SSI have been measured from space, almost without interruption, since 
1978 through a succession of satellite missions. At the same time, models aimed at 
reconstructing solar irradiance by relating the variability to solar magnetic activity were 
developed. The NRLSSI and SATIRE-S models provide the most comprehensive, in terms 
of time and wavelength coverage, reconstructions of TSI and SSI over the period of satellite 
observation currently available. 

Although considerable progress has been made in the measurement and modelling of 
solar irradiance variability, there remains controversy over the wavelength dependence of 
the variation over the solar cycle in the UV, with repercussions on our understanding of 
the influence of solar irradiance variability on the stratosphere. In this paper, we presented 
a critical review of solar irradiance variability in the UV since 1978. The emphasis is on 
the wavelength dependence of solar cycle variability in observations and in the NRLSSI 
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and SATIRE-S reconstructions. Our aim was to validate the variability produced by the 
two models and therefore their utility for climate studies. 

In the UV, solar irradiance variability, in relative terms, diminishes with wavelength. 
This has the effect that observed variability is increasingly dominated by measurement 
uncertainty towards longer wavelengths. The solar cycle variability replicated by SATIRE- 
S is consistent with UV SSI records at the wavelengths where it is not obscured in the 
latter by measurement uncertainty. It is also supported by the independent, empirical 
reconstruction of UV SSI by Morrill et al. [2011]. The weaker solar cycle variability 
produced by NRLSSI between 300 and 400 nm is not evident in any available record. 
This was shown to have likely arisen from the short-term uncertainty in the SSI record 
referenced in the reconstruction, that from UARS/SOLSTICE. Solar cycle variability 
is similarly underestimated in test reconstructions derived by a procedure analogous to 
NRLSSI using other SSI records as the reference. 

The NRLSSI approach is sound in principle but reconstructed solar cycle variability in 
the UV is detrimentally affected by the short-term uncertainty in the SSI observations 
employed in the derivation of the reconstruction. The solar cycle variability in the UV 
produced by SATIRE-S is well-supported by observations. Between the two models, we 
recommend the reconstruction from SATIRE-S for climate studies. 
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Table 1. Definition of the abbreviations featured in this paper. 


Abbreviation 

ATLAS 

COSIR 

HMI 

LAST 

MDI 

Meall 

NOAA 

NRLSSI 

OAR 

PSI 

SATIRE(-S) 

SBUV 

SDO 

SEE 

SIM 

SME 

SoHO 

SOLSPEC 

SOLSTICE 

SORCE 

SRPM 

SSI 

SUSIM 

TIMED 

TSI 

EARS 

UV 

VIRGO 

WHI 


Definition 

ATmospheric Laboratory of Applications and Science 
code for Solar Irradiance Reconstruction 
Helioseismic and Magnetic Imager 
Laboratory for Atmospheric and Space Physics 
Michelson Doppler Imager 
Morrill et ah (2011) 

National Oceanic and Atmospheric Administration 
Naval Research Laboratory Solar Spectral Irradiance 
Observatorio Astronomico di Roma 
Photometric Sunspot Index 

Spectral And Total Irradiance REconstruction (for the Satellite era) 

Solar Backscatter Ultraviolet Radiometer 

Solar Dynamics Observatory 

Solar Extreme-ultraviolet Experiment 

Spectral Irradiance Monitor 

Solar Mesosphere Explorer 

Solar and Heliospheric Observatory 

SOLar SPECtrum 

SOLar STellar Irradiance Comparison Experiment 

solar Radiation and Climate Experiment 

Solar Radiation Physical Modelling 

Spectral Solar Irradiance 

Solar Ultraviolet Spectral Irradiance Monitor 

Thermosphere Ionosphere Mesosphere Energetics and Dynamics 

Total Solar Irradiance 

Upper Atmosphere Research Satellite 

Ultraviolet 

Variability of IRradiance and Gravity Oscillations 
Whole Heliosphere Interval 


construction of total and spectral solar irradiance from 1974 to 2013 based on 
KPVT, SoHO/MDI, and SDO/HMI observations, Astron. Astrophys., 570, A85, doi: 
10.1051/0004-6361/201423628. 
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Figure 1. The time and wavelength coverage of the extended, daily-cadence SSI records cali¬ 
brated for instrnment degradation (latest version nnmber at the time of writing in parenthesis). 
The SSI integrated over 170 to 180 nm and 290 to 300 nm is illustrated in Fig. 2. 
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Figure 2. Integrated SSI over a) 170 to 180 nm and b) 290 to 300 nm in units of Wm“^ on 
the left axis and relative to the WHI quiet Sun reference spectrum [Woods et al, 2009] on the 
right axis, c) The LAST Mg II index composite [Snow et ai, 2005b]. 
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Figure 3. The change in SSI between the 1996 solar cycle minimnm and the 2000 maximnm, 
as a fnnction of wavelength, in the SUSIM record (black), the Meall (green), NRLSSI (orange) 
and SATIRE-S (red) reconstructions, as well as the test reconstructions based on the regression 
of the PSI and Mg II index to the rotational variability in SSI (blue, see Sect. 3.2). The 
variation in a) absolute terms and b) as a proportion of the 1996 minimum level is depicted. 
We considered the mean SSI over a 20 nm window centred on each wavelength. The elevated 
levels between 120 and 130 nm arise from the large solar cycle variability at the Lyman-a line 
(to the order of 10“^ Wm“^nm“^ or a few tenths of the overall level). To elucidate the scale 
of the scatter between the various data sets, we shaded the range bounded by 50% and 200% 
of the level in the SATIRE-S reconstruction. Here, and in the rest of the study, we adopt the 
epoch of solar cycle minima and maxima defined by NOAA (www.ngdc.noaa.gov/stp/space- 
weather / solar-data/solar-indices / sunspot-numbers / cycle-data/). 
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Figure 4. The integrated SSI within the annotated wavelength intervals in measurements 
(colour) and produced by models (black, see legend in top panel), against time. The SSI time 
series were smoothed by taking the 81-day moving average. Solar cycle minima are indicated. 
The various time series are normalized to the SATIRE-S reconstruction (black solid) at solar cycle 
minimum (1986 for Nimbus-7/SBUV, SME and NOAA-9/SBUV2, 1996 for the UARS records 
and the Meall and NRLSSI reconstructions, and 2008 for the TIMED/SEE and the SORCE 
records). The gaps correspond to periods longer than 27 days, about a solar rotation period, 
with no data. 
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Figure 5. The 1-a uncertainty in the variation over the solar cycle in SSI records as a percentage 
of the overall level. For comparison, we shaded the range of values for the change in SSI over the 
ascending phase of solar cycle 23 in the Meall, NRLSSI and SATIRE-S reconstructions (from 
Fig. 3b). The uncertainty is given by the long-term uncertainty of the respective instruments 
reported in the literature or in the data header (see Table 3 and text). We represent the values 
for the three SBUV instruments using different plot symbols and offset the SORCE/SOLSTICE 
line, which would otherwise overlap with the UARS/SOLSTICE line, down slightly by 0.1% to 
aid visibility. 
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a) NOAA-9, NOAA-1 1 & UARS overlap b) UARS, TIMED & SORCE overlap 
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Figure 6. The rotational variability in the integrated SSI in the annotated wavelength intervals 
(right-hand-side) over a 9-nionth period in the overlap between a) the NOAA-9, NOAA-11 and 
UARS missions, and between b) the UARS, TIMED and SORCE missions. The coloured circles 
correspond to values from satellite records and the black lines to the Meall (dot), NRLSSI 
(dash) and SATIRE-S (solid) reconstructions, largely overlapping at shorter wavelengths due to 
the close similarity. Rotational variability, expressed in percentage deviation from the overall 
level, is isolated by dividing each integrated SSI time series by the corresponding 81-day moving 
average. 
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Figure 7. 


1992 1995 1998 2001 2004 

Year 

Similar to Fig. 4, except restricted to the duration of the SUSIM record. The 


blue time series correspond to the test reconstructions based on the regression of the PSI and 
the Mg II index to the rotational variability in UARS/SOLSTICE (solid), SUSIM (dashed) and 
SATIRE-S SSI (dotted). 
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Figure 8. Black: Detrended SSI from the a) UARS/SOLSTICE and b) SUSIM records and 
the c) SATIRE-S reconstruction at the wavelengths indicated (right-hand-side) over a 9-month 
period in 1999. Red: The multiple linear regression of the detrended PSI and Mg II index. 
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Table 3. Reported 1-sigma long-term uncertainty of the SSI records examined here. 


SSI record (version) 

Long-term uncertainty 

Source 

Nimbus-7/SBUV 

1.3% (205 nm) 

0.9% (240 nm) 

0.8% (300 nm) 

0.8% (390 nm) 

DeLand and Cebula [2001] 

SME 

1%/year 

Rottman [1988] 

NOAA-9/SBUV2 

1.45% (180 nm) 

1.15% (205 nm) 

0.9% (250 nm) 

0.6% (350 nm) 

DeLand et al. [2004] 

NOAA-11/SBUV2 

1.15% (180 nm) 

0.9% (205 nm) 

0.9% (250 nm) 

0.45% (350 nm) 

Cebula et al. [1998] 

UARS/SUSIM (22) 

0.3%/year (115 to 300 nm) 
0.03%/year (300 to 411 nm) 

Morrill et al. [2014] 

UARS/SOLSTICE (18) 

2% 

Rottman et al. [2001] 

TIMED/SEE (11) 

10% 

Woods et al. [2005] 

SORCE/SIM (22) 

<0.1%/year 

Data header. 

SORCE/SOLSTICE (14) 

0.2 to 0.5%/year 

Data header. 
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